Objective: In Slovakia, thanks to a highly effective vaccination programme, no domestic cases of measles have been reported since 1999. However, there are several outbreaks of measles currently hitting some countries in Europe. Difficulties in reaching the goal of measles elimination make it necessary to monitor the status of the population susceptibility to prevent similar outbreaks in the future. We hypothesize that immunity wanes overtime, which can substantially impact the population susceptibility. This work introduces a model that estimates a proportion of individuals susceptible to measles in the Slovak population in 2015.
INTRODUCTION
Measles is a highly contagious, exanthematous disease. It is caused by morbillivirus within the family Paramyxoviridae (1). Measles had been considered one of the most frequent childhood diseases in the past. Since the introduction of mass vaccination in 1969 a permanent decline in incidence has been observed, which has been only interrupted by occasional outbreaks. No endemic and only few imported cases have been reported in Slovakia since1999 until the present time.
Vaccination by attenuated vaccine induces both, humoral and cellular responses. Even if these responses are of lower magnitude and shorter duration compared to those following wild-type measles virus infection, the antibody titers remain still sufficiently high to provide effective protection (1) . However, recent research findings suggest that measles vaccine protection wanes with time, creating a real concern that proportion of individuals in a cohort who retain protective antibody levels following vaccination might be compromised over time. Thus, the effect of waning immunity could potentially lead to an increase of susceptible individuals in the population concerned (2) (3) (4) (5) (6) (7) (8) (9) .
Despite the fact that in the recent years measles cases have not occurred in Slovakia, it still remains a threat to the current or near-future population. Since the last national seroprevalence survey was performed in 2002, the current status of the population susceptibility to measles is uncertain. The aim of this work is to build a model of waning immunity and incorporate it into an age cohort model of the Slovak population in order to estimate the fraction of individuals susceptible to measles in 2015.
MATERIALS AND METHODS
Our approach is based on a cohort model. By the term cohort we understand a group of individuals born in the same year. We assume that the Slovak population can be divided into 100 age cohorts. The inputs of our model are the administrative data on vaccination (10) , information from the national seroprevalence survey of 2002 (11) and the demographic data on the age structure of population (12) .
Data on Vaccination within Administrative Control of Vaccination
A two-dose measles vaccination schedule has been used between the years 2002 and 2015. The data on vaccination considered in this study are taken from the yearly reports of administrative controls of vaccination in Slovakia (10) . These controls are based on personal inspections of the paediatricians' records performed by personnel of regional public health authorities. Administrative data on vaccination coverage were obtained from numbers of vaccinated and all children of the given age in the respective catchment area. The available data contain the 1st dose (MCV1, provided to children between 15-18 month of life), immunization coverage for cohorts born after 1992, and the 2nd dose (MCV2, provided to children in the 11th year of life), vaccination coverage for cohorts born after 1983. If the given cohort has been checked more than once, we have taken into consideration the most recent information, i.e. for the first dose (MCV1) in cohorts 1992-2003 vaccination coverage of 4-year-old children, and in cohorts 2004-2012 vaccination coverage of 3-year-old children. Similarly, we have considered for the second dose (MCV2) in cohorts 1983-1993 vaccination coverage of 11-year-old children, and in cohorts 1994-2003 vaccination coverage of 10-year-old children (Fig. 1) .
Seroprevalence Survey 2002
The seroprevalence survey 2002 consisted of 3,640 individuals, among them 1,537 children up to 15 years and 2,103 subjects from the population older than 15 years (11) .
Unfortunately, only aggregate data on seropositivity/negativity for particular age cohorts are available from the seroprevalence survey 2002.
For the purposes of this study we understand susceptible (S) to be the synonym to seronegative. Similarly, immune (resistant/ recovered (R)) shall be equivalent to seropositive.
Demographic Data
Data related to the age structure of population are taken from the database DataCube (12) .
Primary Vaccination Failure
The primary vaccination failure (PVF) is defined as a failure of a vaccine: an individual fails to develop the immune response to the vaccination and thus remains susceptible. In our model, we assume that the probability of PVF is 0.05 (13) . It means that the immune response develops in 95% of vaccinated previously susceptible individuals after one dose of vaccine.
Secondary Vaccination Failure
The secondary vaccination failure (SVF), or waning immunity, is accompanied by a decrease of protective antibodies over time. Although cellular immunity may create protection for particular individuals whose antibodies titres are not sufficiently high, we did not consider it in our modelling due to insufficient information.
We have estimated the level of SVF according to the model of Lee and Nokes (2) . We assume that in each age cohort the concentration of IgG antibody against measles follows a log-normal distribution with geometric mean of the titers GMT(t). Without exposing to wild measles virus or further vaccination, we assume that geometric mean titer decreases exponentially with time, i.e:
where t denotes the time following the vaccination and WR represents the waning rate (2, 3) (Fig. 2) .
For purposes of this analysis we define a seropositive or an immune individual as the person whose level of the antibody titers is above the so called critical level C crit . Once the amount of antibodies falls below the threshold C crit (a minimum antibody level for protection against measles), the individual becomes again susceptible.
Based on our assumptions, we can express the proportion of susceptible individuals at time t, SVF(t), as: where x represents a normally distributed random variable with the mean ln(GMT(t)) and the standard deviation of the logarithm of antibody titers SD (2) . It is important to note here that a decline of antibodies relates only to those individuals, who have been previously seroconverted to vaccinated, i.e. to (1-PVF) vaccinated population.
According to our assumptions, SVF is nonzero at the time of vaccination. It is a consequence of the normal distribution assumption. However, in all our scenarios mentioned below, the value of SVF is negligible in comparison to the value of PVF (4) (Fig. 3) . Moreover, when compared to PVF for the given age cohort, the value of SVF is increasing with the time since the last vaccination.
Estimation of Susceptibility Level
An estimation procedure of the susceptibility level depends on the available information for the particular age cohort. In case the complete immunization records are available (i.e. the vaccination rates and the time of the first and the second dose administration), we proceed according to the scheme depicted in Figure 4 . If precise administrative information is not available for a certain age cohort, we consider data from the last national seroprevalence survey.
We assume that before administration of the first dose all subjects are susceptible. Concerning vaccination, three situations can occur: • First, a child is vaccinated and creates a post-vaccination immunity. The probability associated with this state can be computed as MCV1 × (1-PVF).
• The second case happens with the probability MCV1 × PVF and describes a situation when a child is vaccinated but his or her immune system is not responding.
• If a child does not attend vaccination appointment at all, he or she remains susceptible. The associated probability of this case is (1-MCV1). Under the current vaccination scheme the second dose of the MMR vaccine is administered in the 11th year of life. During the 9-year period between vaccinations, without the contact with measles virus, the status of the susceptible individual does not change. However, due to the waning immunity effect, some of the seropositive subjects might become susceptible again. Depending on the seroprevalence status of the particular individual and the action taken we determine individual's status after the administration of the second dose as follows:
• Naturally, immune individuals, who are vaccinated by the second dose, remain seropositive. We assume that the second dose acts as a booster, i.e. the level of antibodies jumps up again to the same level as it was after the first vaccination.
• If immune individuals do not attend the second vaccination appointment, they only stay immune if their level of antibodies has not declined below the protective boundary since the time of the first vaccination (i.e. the time of the SVF is calculated since the first vaccination).
• For the seronegative individuals the same three scenarios, mentioned above for the first vaccination, can occur. The
Fig. 3. Frequency distribution of the antibodies titers right after the administration of the first dose for the vaccinated population (model).
The leftmost column represents a group of seronegative individuals without immunity response to vaccination. The most of these cases are the result of the PVF (the grey area), others are the result of low immunity response to vaccination (the black area). The parameters of the lognormal distribution correspond to Scenarios 4 and 5.
Fig. 4. Scheme of the calculation of proportions of susceptible/ immune individuals for the age cohorts with complete records of immunization history (time and vaccination rates for the first (MCV1) and second dose (MCV2)).
Susceptible and immune (recovered) individuals are represented by a symbol S, and R, respectively. The symbol PVF denotes the primary vaccination failure, SVF1 and SVF2 the secondary vaccination failure after the first and the second dose, respectively.
only difference is that, in this case, we apply the level of MCV2 vaccination rates. Further, we assume that the values of PVF after the first and the second dose are equal and independent. Several events relevant to our modelling have happened since 2002, when the state of the population susceptibility has been empirically estimated for the last time. Finally, the relative proportion of the cohorts, i.e. population age structure has changed due to population ageing and changes in the mortality rate.
Model Inputs and Description of Scenarios
A number of parameters entering the model were introduced in the previous section. Since the values of parameters cannot be estimated with certainty, we propose several possible scenarios for further analyses (Table 1) .
In Scenario 1, we assume that the acquired antibodies ensure life-long immunity. Due to this assumption, this scenario can be considered as the most optimistic estimation of the number of susceptible individuals. The values of parameters in Scenarios 2 and 3 are taken from the relevant literature (5, 6) . We consider only the longitudinal studies, which have provided the values of GMTs, mentioned the proportion of seronegative individuals in several time points and collected the data from at least 10 years. Because the parameters needed for our model were not reported elsewhere, we have estimated their values based on the published serological data. In order to avoid significant overestimation for the long-term period, we have only considered the GMT(t) values from the period longer than one year after vaccination. In Scenarios 4 and 5 the parameter values have been selected subject to expert appraisal. These values can be considered as a compromise among Scenario 1 and Scenarios 2 and 3.
Description of Cohort Model Cohorts Born before the Year 1968
We assume that these birth cohorts acquired immunity to measles through natural infection, because measles infection was widespread prior to introduction of vaccination strategies. 
Cohorts Born in the Years 1968-1982
These cohorts were born after the introduction of routine measles vaccination and thus most likely had previously been vaccinated. However, no precise administrative data concerning vaccination rates, vaccine type or exact vaccination time were available. Moreover, some individuals might come to the contact with wild measles virus, which could influence the level of antibodies as well.
In our model, we set subjectively the proportion of PVF and vaccination omissions to 7%. Let denote this group by S PVF+notvacc . This group has been susceptible in the past (e.g. right at the time of vaccination) too. We assume that the rest of the observable seronegative individuals in 2002 was susceptible only due to waning immunity: this group was seropositive shortly after vaccination, but as the time passed, their antibodies have finally declined below the protection boundary.
Based on this assumption we express the level of geometric mean titer (GMT 2002 ) at the time of seroprevalence survey 2002 as:
where norminv is the inverse function of a standard cumulative normal distribution.
Consequently, we can determine the proportion of susceptible individuals in the year 2015 as follows:
In the calculation of SVF we set the value of geometric mean titer to The complete immunization records are available for all these birth cohorts. For the purposes of this analysis we have collected the vaccination rates and the time of the first and the second dose administration at the national level. This data let us to estimate the proportion of the susceptible individuals according to the scheme depicted in Fig. 4 . In the year 2015, the birth cohorts 2004 and 2005 have just been vaccinated by the second dose of MMR vaccine. Therefore, at the time of preparation of this paper the final vaccination rates have not been published yet. Due to the previous development of vaccination rates we expect them to be approximately 97.5%.
Cohorts Born in the Years 2006-2012 (2013)
According to the vaccination schedule until the year 2015 these cohorts have been vaccinated just with the first dose of MMR vaccine. To provide an estimation of a percentage of susceptible individuals in 2015 again, we have proceeded as outlined in the scheme in Fig. 4 . At the time of preparation of this paper the final vaccination rate for the cohort born in 2013 has not been published yet. From the previous development of vaccination rates we expect it to be approximately 95%.
Cohort Born in the Year 2014
In the year 2015, the birth cohort 2014 has already been partly vaccinated. Under the assumption of uniform population growth, we can propose that a quarter of the children is in age of 12-15 months. According to the current vaccination schedule this subgroup has not been vaccinated yet. Therefore, we consider all of them to be susceptible against measles (16, 17) .
Another quarter of the children is in age of 15-18 months, i.e. they were exactly at the age of the first immunization. For the sake of simplicity, we assume that a half of these children has already developed antibodies, i.e. they are seropositive. Children aged 18-24 months already ought to be vaccinated. However, in practice, the first immunization is often delayed due to contraindications or precautions. Therefore, we assume that in this subgroup there are approximately 85% of seropositive children. Altogether, in the birth cohort 2014 the estimated proportion of the susceptible individuals was 45%.
A similar estimation procedure applies to the birth cohort 2001 in the year 2002.
Cohort Born in the Year 2015
The youngest birth cohort consisted of infants. Due to potential protection by maternal antibodies we assume that approximately 35% of the children are immune, the rest is susceptible (16, 17) . The same estimation has been applied to the birth cohort 2002 in the year 2002.
RESULTS

Estimation of Secondary Vaccination Failure
In none of the studied scenarios modelling the 10 year period waning immunity affects the estimated proportion of the susceptible population (Fig. 5) . A more significant impact can be expected for individuals whose antibodies are close to the protection boundary (Fig. 6) . However, for the longer time horizon (i.e. in the next few decades), waning of antibodies can potentially cause a substantial move of immune individuals back to the susceptible compartment due to immunity loss. However, the key driver values of this process (such as the waning rate and the initial level of vaccine-induced antibodies) are not currently presented in the literature in a directly usable form. The proposed Scenarios 2 and 3 provide pessimistic estimations, while Scenarios 4 and 5 represent a more optimistic situation.
Cohort Model
According to the seroprevalence survey 2002, apart from children up to one year, the cohorts of 17, 19 and 20-35 years old individuals show the highest proportion of susceptibles. The differences between these particular cohorts are not significant: except the cohort of 19 years old individuals whose relative immunity has been estimated to just 89.3%, the rest remained above 90% (11) .
The prediction for the year 2015 indicates slightly varied results. If the effect of waning immunity is considered (all scenarios except Scenario 1), the differences in the susceptibility among individual age cohorts are more significant. The largest impact can be observed in the cohorts vaccinated longer time ago.
Under all analysed scenarios, the most risky cohorts are the unvaccinated children up to one year of age and the adults in cohorts of 30-45 years (Fig. 7) . Moreover, these cohorts are the most numerous: considering the age structure of the Slovak population, in this age group there is the largest number of susceptible individuals compared to other age cohorts (Fig. 8) . Scenario 1, which ignores the effect of waning immunity, estimates the average susceptibility to measles in the Slovak population to 4.6% for the year 2015. Scenario 3 provides the most pessimistic prediction: based on the proposed parameter values, the upper level of the average population susceptibility is estimated to be as high as 10.7%.
DISCUSSION
Thanks to mandatory vaccination scheme the vaccination coverage against measles in Slovakia has stayed at a sufficiently high level for a long time. However, a decline in the yearly vaccination rate has currently been observed, mainly for the first dose of vaccine (MCV1). Decrease in vaccination coverage is most probably caused by anti-vaccination activities. Although nowadays such decline does not influence the average susceptibility in a significant manner, it might represent a threat for the future. A continuing decline in the yearly vaccination rate can lead to accumulation of the susceptible individuals in the younger cohorts and thus to a decrease in the total average susceptibility of the Slovak population.
A second recently recognized key determinant of the population susceptibility is a presence of waning immunity. Waning immunity becomes important especially in the situations when the spread of disease is interrupted or reduced: the individuals have no contacts with the infection, and thus no natural immunity boosting applies to them (7) . The latter describes the recent situation in Slovakia as during the last decade measles have appeared sporadically and only as imported cases.
Quantifying the process of waning immunity is not straightforward. The studies (2, 4, 18) indicate that the decline in antibody levels shows exponential trend. This observation has also been supported by the study (7) in which the authors argue that the decline in antibody levels is more pronounced in individuals with high initial levels of antibodies in comparison to subjects with lower levels of antibodies.
The parameter values applied in our analysis have originated from the previous studies (5, 6) . Although these studies do not directly describe the process of waning of antibody levels, from the presented results it is possible to identify the values of GMT(0), WR, and SD to a certain degree. It is important to note that only few longitudinal studies exist due to various obstacles in monitoring the same group of individuals for a long time period. 
Fig. 7. The proportion of seropositive (immune) individuals in 2002 (seroprevalence survey data) and 2015 (estimated by the model).
Predictions based on the above mentioned studies (5, 6) (Scenario 2 and 3) seem to be too pessimistic even if values of GMT originating within the first year are not considered. The reason might lie in a relatively short observation period (10 and 15 years): estimation of the waning rate for a period longer than 30 years (the vaccination against measles was introduced in 1969) could be biased by the data of the shorter time period. Moreover, up-to-date published studies do not clearly identify whether the decrease in GMT is indeed exponential over long-term time periods, or the declining course of GMT is eventually stabilized at some level, or whether the decline could slow down after a certain period. In addition, it is largely unknown how cell-induced immunity affects susceptibility of the population (9) . Thus, we have proposed to analyse Scenario 4 and 5 with more optimistic values of the model parameters.
Most relevant studies suggest that as the time from the last vaccination passes, the level of the IgG antibodies declines unless a contact with natural infection or further vaccination is present. However, a final quantification of the waning immunity process or the resulting impact on the immune status of individuals or population is not defined with certainty.
Since our model is strongly dependent on the above mentioned parameters which are not known exactly, any long-term prediction is unreliable.
Another estimation of the waning rate is presented in the paper by Mossong et al. (4) . According to their findings the value of this parameter is approximately 0.056 per year (95% CI: 0.033-0.077). Unfortunately, the other values of the parameters are not presented in this study. Although the study is not based on a prospective design, the estimation can be considered as reliable.
Lee and Nokes (2) analysed the decline of the antibody level from a theoretical point of view. They introduced a mathematical model to predict a proportion of the seronegative individuals depending on various parameter setups. However, the values of waning rate (0.173-0.347 per year) seem to be implausibly high which results in unrealistic predictions. Although we have proceeded in a similar way we have decided to set up the values of parameters according to other published studies.
Our predictions via cohort model arise from information which is accessible for the particular age cohorts. The cohorts born before the year 1968 were most likely not vaccinated and highly probably they acquired immunity against measles through natural infection. Due to this fact, as the national seroprevalence study 2002 indicates, their immunity against measles is at a sufficiently high level. However, without further information we are not able either to identify whether waning immunity applies to these cohorts or to set up the values of the model parameters GMT(0), SD and WR. At least we can replace these values by those assigned to the currently vaccinated individuals. This approach probably results in a rather pessimistic prediction: according to the available seroprevalence surveys (14, 15) , the antibodies titers of these cohorts are higher than those of recently vaccinated individuals. The reasons can lie not just in the higher initial level of the naturally induced antibodies but also in the lower waning rate.
For the next two groups of cohorts (born between the years 1968-1982 and 1983-1991) administrative immunization records are partially available. Our prediction of susceptibility of these cohorts is similar for both groups. The seroprevalence survey 2002 indicates that the immune status against measles for these age cohorts is not as favourable as for the older age cohorts. This observation can be explained by PVF, SVF or by individual omission of vaccination. In the modelling process we have considered these three main reasons separately in order to determine the value of SVF between the years 2002 and 2015. This may be seen as a limitation of the model, however, due to insufficient information we deem the used model as appropriate.
Except for the youngest cohorts, for the rest of cohorts the complete immunization records are available. These data are relevant enough to estimate the proportion of the susceptible individuals according to the theoretical scheme depicted in Fig.  4 . Since now the estimation is based on more precise information on vaccination status of the particular cohorts, it could be regarded as more reliable. However, also these predictions might be biased to some degree due to missing information concerning e.g. the estimation of PVF.
The estimation of the susceptibility for one-year-old children is based on the subjective assumption of precise administration of the first dose. Due to lack of information, this approach can be regarded as sufficient.
According to the published studies, the susceptibility of children younger than one year depends on the acquired maternal antibodies (16) . Contemporary, newborns of vaccinated mothers show much worse immunity against measles than children of mothers who have experienced natural infection (16, 17) . In Slovakia, most of the current mothers had been previously vaccinated and just exceptionally came into contact with natural infection. Therefore, nowadays infants are at higher risk than those in the past.
A similar cohort model has been applied by Hens et al. (18) . Based on the Belgium national seroprevalence study performed in 2006, the authors aimed to estimate susceptibility of the Belgium population against measles in the year 2013. Unlike our model, authors have assumed that with increasing time from the last vaccination the proportion of susceptible individuals rather than antibodies titres declines exponentially. Despite of different assumptions their conclusions correspond with our findings.
The objective of our study was to fill the gap in the missing estimates of the population susceptibility due to lack of seroprevalence survey in Slovakia in recent years. In 2013, the national seroprevalence survey was conducted in the neighbouring Czech Republic (15) . Since the common past of these two countries and similar demographic trends, we have the unique opportunity to compare our results with their empirical findings, at least for older age cohorts. As the Czech Republic currently uses different vaccination schedule for measles than Slovakia, comparison of younger age cohorts is not appropriate. In the Czech Republic, the first dose is administered at 15 months of age and the second one 6-10 months after the first dose, i.e. approximately at 21-25 months of age. The Czech national survey has proved a significant decline of the antibodies titres during the first several years after vaccination. However, this decline does not seem to have a significant impact on the resulting proportion of susceptible individuals. On the other hand, a remarkable growth in the proportion of seronegative individuals has been present in the cohorts of 30-45 year olds. This observation is within the limits of our predictions. The decline of protection in these cohorts can be explained at least by two reasons. Firstly, most of these age groups were vaccinated between the years 1969 and 1984 when the vaccination, after its initiation, was being stabilized and primary vaccination failure was relatively high. Secondly, older cohorts were predominantly immunized by natural infection which provides better protection from a long-term aspect than vaccination.
Unfortunately, even the data reported in the current Czech seroprevalence survey are not sufficient to identify the proportion of PVF and SVF, and thus to estimate the effect of SVF on the future evolution of the population susceptibility.
The low level of seropositivity of several adult cohorts corresponds to the incidence of measles in the Czech Republic in 2014. A source of infection was a man who had imported the disease from India. A primary transmission had occurred among close contacts of the patient; afterwards the epidemics hit the medical staff. Cohorts born between the years 1970-1980 and unvaccinated youngest children were the most affected population groups. The transmission between vaccinated children and seniors occurred only sporadically (19) .
Naturally, the next step of this research should be the prediction of the risk of spread of measles in Slovakia and the identification of the most risky cohorts. In this context it is necessary to consider the impact of waning immunity, especially for the individuals whose antibodies are close to the critical antibody level. As our results imply, the proportion of them may be significant especially among younger adults and thus among the potential parents of unvaccinated children. This issue is described in more detail in the studies by Glass and Grenfell, and Mossong et al. (3, 20) . Although both papers deal mainly with theoretical aspects of waning immunity, it is possible to figure out from their conclusions that under certain conditions a spread of the disease can be significantly determined by individuals with antibodies titres near the boundary of protection.
The presented results of our analysis indicate that the herd immunity against measles in Slovakia is currently on a sufficiently high level. We have estimated the overall proportion of the immune individuals to be around the critical level needed to achieve the herd immunity, which is 95% for measles (1) . However, there is a real threat that the future evolution of the population susceptibility will not be so favourable. As our study has indicated it depends on two key factors: trends in vaccination coverage and the potential effect of waning immunity. In this paper we have proposed a conceptual framework and a scheme for estimation of the state of susceptibility for particular age cohort. Nonetheless, it is important to identify input parameters out of a wisely conducted seroprevalence survey. Therefore, we suggest to the authorities to reintroduce a regular implementation of the national seroprevalence surveys.
CONCLUSIONS
The goal of this work was to analyse changes in the population susceptibility to measles during the last 13 years when the last national seroprevalence study was performed in Slovakia. We have integrated a theoretical model of waning immunity into the cohort model and thus estimated the susceptibility to measles of the Slovak population in the year 2015.
The model partially replaces missing seroprevalence survey, but the parameters of model and phenomenon of waning immunity are not exactly known. The variability and limited knowledge of the input parameters represent two sources of uncertainty about predicted susceptibility.
The most reliable source of data to estimate parameters would be a longitudinal study focused on monitoring antibody levels in the same individuals over a longer period of time. We are aware of the organizational and financial difficulties associated with such survey, so we suggest to reintroduce the regular implementation of the national seroprevalence survey in order to empirically determine the level of susceptibility (not only) for measles in Slovakia. Regular national seroprevalence surveys could solve the problem of lacking data and provide solid base for a reliable estimation of the proportion of susceptible individuals in the future and thus the risk of large-scale outbreaks.
